Introduction
Bordeaux is a region of France and red Bordeaux wines have been produced in the same place, and in much the same way, for hundreds of years. Yet, there are differences in quality and price from year to year that can sometimes be quite large. Until very recently, these quality differences have been considered a great mystery. In this paper I show that the factors that affect fluctuations in wine vintage quality can be explained in a simple quantitative way. In short, I show that a simple statistical analysis predicts the quality of a vintage, and hence its price, from the weather during its growing season. Along the way, I show how the aging of wine affects its price, and under what circumstances it pays to buy wines before they are at their best for drinking. Since this procedure for predicting wine quality has now been in use for over a decade, I also provide an appraisal of its successes (and failures), and a discussion of the role this information has played in the evolution of the wine trade.
When a red Bordeaux wine is young it is astringent and most people will find it unpleasant to drink. As a wine ages it loses its astringency. Because Bordeaux wines taste better when they are older, there is an obvious incentive to store them until they have come of age. As a result, there is an active market for both younger and older wines. Traditionally, what has not been so obvious is exactly how good a wine will be when it matures. This ambiguity leaves room for speculation, and as a result, the price of the wine when it is first offered in its youth will often not match the price of the wine when it matures. The goal in this paper is to study how the price of mature wines may be predicted from data available when the grapes are picked, and then to explore the effect that this has on the initial and final prices of the wines.
Vineyards and Vintages
The best wines of Bordeaux are made from grapes (typically cabernet sauvignon and merlot) grown on specific plots of land and the wine is named after the property, or chateau, where the grapes are grown. In fact, knowledge of the chateau and vintage provides most of the information needed to know the quality of the wine. That is, if there are 10 vintages and 6 chateaux, there are, in principle, 60 different wines of different quality. It might seem a daunting task to determine the quality of each wine. However, knowing the reputations of the 6 chateaux and the 10 vintages gives sufficient data to determine the quality of all 60. In other words, good vintages produce good wines in all vineyards and the best wines are produced in the best vineyards in all vintages.
Although this point is sometimes denied by those who produce the wines, and especially by the sellers of young wines, it is easy to establish its truth by reference to the prices of the mature wines. To demonstrate the point, Table 1 indicates the market price in the early 1990s in London of 6 Bordeaux chateaux from the 10 vintages from 1960-1969. 1961 , 1966 , 1962 , 1964 , and 1967 . The remaining vintages (1960 , 1963 , 1965 , 1968 , and 1969 would be ranked inferior to these five, and perhaps because of this fact, many of the wines from these inferior vintages are no longer sold in the secondary market.
Returns to Holding Bordeaux Wine
It is natural to wonder why wines from the same chateau, made by the same winemaker, and made in the same manner could have such varying prices as indicated by Table 1 . Apparently, there must be some difference generated by the different vintages in which the wines were made. There are two natural explanations. First, the older wines have been held longer and this requires a payoff to the investment that has been made in foregoing the consumption of the wines. wine, the greater is its value. However, as can be seen in Figure 1 , this also clearly leaves much variation in average prices across vintages that is unexplained.
Vintages and the Weather
It is well known that the quality of any fruit, in general, depends on the weather during the growing season that produced the fruit. What is not so widely understood is that in some localities the weather will vary dramatically from one year to the next. In California, for example, it never rains in the summer, and it is always warm in the summer. There is a simple reason for this. In California a high-pressure weather system settles each summer over the California coast and produces a warm, dry growing season for the grapes planted there. In Bordeaux this sometimes happens-but sometimes it does not. Summers in Bordeaux can be hot and dry, hot and wet, cool and dry, and, most unpleasant of all, cool and wet. In general, high quality vintages for Bordeaux wines correspond to the years in which August and September are dry, the growing season is warm, and the previous winter has been wet. Except in places where irrigation is common to make up for low winter rainfalls, this finding will not surprise winemakers anywhere in the world. Ideally, weather's effect on wine quality and price could be tested with a controlled laboratory experiment. However this is obviously not feasible as there is no way to control the weather in France (yet!). This inability to create a controlled experiment is a dilemma economists very often face.
Instead, researchers must rely on so called "natural experiments." A natural experiment is a set of circumstances that occurs naturally (or at least is external to our control) and exhibits sufficient variation in the variables being tested so that their true effects can be extracted. The case of weather in Bordeaux presents a very nice natural experiment. The weather differs sufficiently from year to year and the quality of the grapes is recorded sufficiently (through wine prices) to measure weather's true effects on quality.
The result of a regression of the prices of the wines on the weather variables is reported in Table 2 2 . This analysis indicate that in a model that includes Two things are immediately apparent from Figure 3 . First, all but one of these recent vintages (1986) was produced by a growing season that was warmer than what is historically "normal." Indeed a test of whether the mean temperature in the later period is different from the mean temperature in the earlier period strongly rejects equality in favor of warmer temperatures in the later period. On the other hand, the average rainfall during the harvest in later period shows no difference from "normal." Indeed, the prevalence of such warm weather in the summer in the last two decades no doubt accounts, in part, for the deeply held conviction that many Europeans hold that global warming is already upon us. This unusual run of extraordinary weather has almost certainly resulted in a huge quantity of excellent red Bordeaux wines.
As some have observed, global warming is not entirely a bad thing, at least for some in the agricultural community.
Second, the weather that created the vintages of 1989, 1990, 2000, and 2003 appears to be quite exceptional by any standard. Indeed, the question must be asked, is it appropriate to predict that the wines of these vintages will be of outstanding quality when the temperature that produced them is so far outside the normal range? 
Market Inefficiency
Given that the weather plays such a large role in determining the quality and prices of the mature wines of a vintage, does the market take account of this information when the young wines are priced? In short, were the relative prices of the vintages when they were first sold at market good forecasts of the relative prices of the wines when they matured, and if so, were these forecasts as good as the predictions made using the data on weather alone? Table 3 1961, 1962, 1964 and 1966 vintages. This is done for statistical ease, and these vintages were chosen for their superior quality).
For example, in Table 2 an entry of 1.0 would represent a vintage with equal value to the benchmark portfolio in a given year, and an entry of 0.5 would be a vintage with half the value of the benchmark portfolio. In the bottom row of the table is listed the predicted relative price of the vintage as taken from the model created earlier using weather and age to predict the price at maturation. The data in Table 3 1961, 1962, 1964 and 1966 vintages (the benchmark portfolio) . But in fact, the wines entered the auction markets in 1972 at about 50% more than expected, and slowly drifted down in relative price over the years. Second, the table confirms that the prices predicted by our model are remarkably good indicators of the prices at which the mature wines will ultimately trade. Additionally, it should be mentioned that the model was fit from an entirely different set of data than the set presented above. This eliminates the possibility that this model only performs well because it simply predicts information that it essentially already knows.
One interesting way to see the inefficiency in the wine market is to compare the prices of the vintages of 1962, 1964, 1967, and 1969 in calendar year 1972 . As the weather data in Figure 2 indicate, and the prediction in the bottom row of Table 3 It is apparent from Table 3 and from the above example that most vintages are over-priced when the wines are first offered on the auction market, and that this state of affairs often persists for ten years or more following the year of the vintage. Remarkably, the over-pricing of the vintages is especially apparent for those vintages that, from the weather, we would predict to be the poorest. This suggests that, in large measure, the ability of the weather to predict the quality of the wines is either unknown or ignored by the early purchasers and sellers of the wines. 
Conclusion
There is much variability in the prices of mature Bordeaux wines, but as shown, much of it can be explained. First, much of this variability can be explained once the vintage of the wine and its producer is known. Second, a straightforward statistical analysis of the weather in which a vintage is grown, and consideration of its age, can be used to describe much of the variability in prices across vintages. Finally, the historical reputation of the chateau that produced the wine explains much of the remaining variability in prices. But why does the market for immature red Bordeaux wines appear to be so inefficient when the market for mature wines appears to be so efficient? There may be several related explanations. The current Bordeaux marketing system has the character of an agricultural income stabilization system, and this may be its purpose. For growers to maintain the same income from year to year the price of the young wines must be inversely related to the quantity produced, and independent of the quality. In other words, the fewer grapes they produce, the more money they need per grape to maintain the same income, and quality must be kept independent of the price or their income would be subject to volatility. Although the actual pricing of young Bordeaux wines falls short of this ideal, it is clearly closer to it than would occur if purchasers used the information available from the weather for determining the quality of the wines. The producers do attempt to raise prices when crops are small, despite the evidence that the quantity of the wines (determined by the weather in the spring) is generally unrelated to the quality of the wines (determined mainly by weather in the remainder of the year). Moreover, it is common for the proprietors to claim that each vintage is a good one, independent of the weather that produced it. Indeed, there is no obvious incentive for an individual proprietor to ever claim anything else! A more fundamental question arises about the motives of the early purchasers of the wines. Why have they ignored the evidence that the weather during a grape growing season is a fundamental and easily measured determinant of the quality of the mature wines? And will they continue to do so as the evidence for the predictability of the quality of new vintages accumulates? 4
